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Paris, FranceABSTRACT Cell migration is a crucial event during development and in disease. Mechanical constraints and chemical gradi-
ents can contribute to the establishment of cell direction, but their respective roles remain poorly understood. Using a microfab-
ricated topographical ratchet, we show that the nucleus dictates the direction of cell movement through mechanical guidance by
its environment. We demonstrate that this direction can be tuned by combining the topographical ratchet with a biochemical
gradient of fibronectin adhesion. We report competition and cooperation between the two external cues. We also quantitatively
compare the measurements associated with the trajectory of a model that treats cells as fluctuating particles trapped in a peri-
odic asymmetric potential. We show that the cell nucleus contributes to the strength of the trap, whereas cell protrusions guided
by the adhesive gradients add a constant tunable bias to the direction of cell motion.INTRODUCTIONCell migration plays key roles in a variety of physiological
processes, ranging from development (1) to pathological
processes, such as cancer (2). Cells can migrate direction-
ally, following a persistent trajectory along the same direc-
tion of an axis (3). Such cell behavior drives the tissue
rearrangements that shape organs in embryos (4). Directed
cell movement is also associated with cancer metastasis
(5). In adults, dendritic cells migrate directionally from
the interstitial space into the lymphatic vessels, thereby
participating to the onset of the immune response (6). Alto-
gether directional motility is a generic feature of living cells.
Mechanisms behind cell migration have been studied in
several in vitro assays. Topographical features in the shape
of grooves have been shown to guide nondirectional cell
migration along the main axis of grooves in both directions,
in a mechanism known as contact guidance (7–11). In these
situations, cells align according to features much smaller
than the size of the cell itself by attaching mainly to the
top of the topographical structures (7,10,11). Furthermore,
several studies report directional cell motion in vitro by
imposing asymmetric cues to the cells. In addition to asym-
metric one-dimensional paths, both chemical (12–15) and
topographical (16–18), adhesive (19) and stiffness gradients
(20) also direct cell migration. On these substrates, cellSubmitted December 16, 2013, and accepted for publication August 1, 2014.
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tent trajectory along the same direction of an axis— because
the cell symmetry is broken by the external cues. For
example, it was shown that there is greater activity of cell
protrusions at the front of the cell than at its tail (21). How-
ever, when directional cell motion is achieved in these ex-
periments, the cellular organelle setting directions is often
not known. In addition, the prediction of cell direction as
a function of the cues and geometries imposed is not
straightforward. Finally, the quantitative comparison of
cell motion with a model is often lacking. In light of these
observations, new approaches that link the biology of the
cell to the physics of living matter are required.
Here, we report a new, to our knowledge, assay in which
we tested the effects of external cues on single fibroblast
cell directed motion. The cellular mechanisms at play
were identified and motions were quantified and compared
with a model. Specifically, using substrates with ratchet-
shaped topographical patterns, we show that the nucleus
dictates the directions of cell movement through mechanical
guidance. A ratchet stands as a paradigm for studying sym-
metry breaking (22–24). Directionality can be tuned when
topography is combined with a superimposed fibronectin
adhesion gradient. We observed competition and coopera-
tion between the effects of the two external cues depending
on their relative orientations. We adapt a theory of fluctu-
ating particles trapped in a periodic asymmetric potential,
introduced by Prost et al. (23,24), to model cell behavior.http://dx.doi.org/10.1016/j.bpj.2014.08.001
1514 Comelles et al.We found that the nucleus contributes to the strength of the
topographical trap, whereas cell protrusions guided by the
adhesive gradients add a constant tunable bias to the motion.MATERIALS AND METHODS
Substrate fabrication
The ratchet-shaped topographical pattern wasmade on Poly(methyl methac-
rylate) (PMMA) substrates. Topographicalmotifswereproduced by standard
photolithography and nanoimprint lithography (25,26). Briefly, first a SU-8-
2015 (MicroChem Corp, Newton MA) positive master with microstructures
was obtained by standard photolithography, the resulting mold was repli-
cated on a poly(ethylene naphthalate) (Goodfellow, Huntingdon,UK) sheet
(125mm thick) by nanoembosing to obtain a negative replica. This secondary
mold was then used to transfer the structures to the PMMA surface. The
design of the structures is an array of triangles of 100 mm in length, 22 mm
in width, and 1 mm in height, forming a ratchet-like topographic pattern
(see Fig. S1, b and c in the Supporting Material) over a total area 25 mm in
length and 1 mm in width. The dimensions of the triangles were chosen on
the basis of the mean size of a NIH 3T3 cell (see Fig. S2). The triangle
area (1100 mm2) corresponds to the mean half-area of a NIH 3T3 fibroblast
spread on a homogeneous fibronectin layer (100 ng.cm2).
The imprinted structures were characterized by means of scanning elec-
tron microscopy (Strata DB235, FEI, The Netherlands) and white light
interferometry (Wyko NT110, Veeco Metrology, USA).Gradient formation
The procedure used for gradient formation is described elsewhere (26).
Briefly, a fibronectin gradient was generated on a previously hydrolyzed
PMMA surface (either flat or structured) by means of a polydimethylsilox-
ane Y-shaped microfluidic channel (Sylgard 184 Silicon Elastomer, Dow
Corning, Wiesbaden, Germany), which allowed the control of protein con-
centration across the channel. The flow rates and exposure times were set to
obtain a linear protein gradient (26). A 1:39 mixture of fluorescently labeled
and unlabeled fibronectin was used (20 mg ml1 solution of fibronectin in
phosphate buffered saline, rhodamine fibronectin from bovine plasma
(Cytoskeleton, Denver, CO) and fibronectin from bovine plasma (Sigma-
Aldrich, Saint-Quentin Fallavier, France). After gradient formation, the
PMMA substrate was detached from the microfluidic channel. The remain-
ing regions on the surface were saturated with a poly(L-lysine)-graft-
poly(ethylene glycol) co-polymer (PLL-g-PEG) molecule (PLL (20)-g
[3.5]-PEG (2), Susos, Du¨bendorf, Switzerland) to prevent adsorption of
molecules from the cell culture medium and to reduce nonspecific cell
adhesion. The shape of the fibronectin gradient was checked before each
experiment by fluorescence microscopy (Fig. S1, d and f), with a CKX41
microscope (Olympus) using the Wasabi acquisition system (Hamamatsu)
and a cooled couple-charge device camera (Hamamatsu). Homogenous
fibronectin surfaces (either flat or structured) were achieved using the
same microfluidic system. For this purpose, only the fibronectin solution
was flowed through the channel and with the conditions used for high-
density fibronectin regions of the gradient (100 ng.cm2) (26).Cell migration experiments
The NIH 3T3 mouse embryonic fibroblast cell line (ATCC) was grown for
3 days at 37C in Dulbecco’s modified Eagle medium (D-MEM) (Invitro-
gen, Cergy Pontoise, France) supplemented with 10% bovine calf serum
(BCS) (Invitrogen, Cergy Pontoise, France). Before the experiments, cells
were trypsinized and replated on the PMMA surface in D-MEM with
10% BCS. After 20 min, unattached cells were removed by washing with
fresh medium. Finally, for time-lapse experiments the medium was re-Biophysical Journal 107(7) 1513–1522placed by L-15 (Leibovitz’s L-15 medium, Invitrogen, Cergy Pontoise,
France) with 1% BCS serum.
Cells were observed under a CKX41 Olympus microscope using a 4
phase-contrast objective for around 48 h at 37C. Images were acquired
every 5 min. A 20 phase-contrast objective was used for high-magnifica-
tion observations.Cell migration experiments-side view
NIH 3T3 fibroblasts were plated on a glass coverslip and incubated for 1 h
in the incubator. The coverslip was held by two binder clips. Clips allowed
to place the coverslip vertically oriented under the microscope. Cells were
visualized on the side in L-15 medium with 10% BCS.Transfections and staining
NIH 3T3 fibroblasts were transfected with zyxin-red fluorescent protein
(RFP) and nonmuscle myosin heavy chain II - Green Fluorescent Protein
(called here myosin-GFP). Transient transfection was performed 1 day
before experiment using Lipofectamine 2000 (Life Technologies), accord-
ing to the manufacturer’s instructions. Cells were fixed using 3% PFA
(Sigma-Aldrich), and nuclei were stained with DAPI.Cell trajectory evaluation
The centroid trajectories of cells were tracked using the manual tracking
plug-in in ImageJ (http://rsb.info.nih.gov/ij, NIH). Data analysis was per-
formed using a custom-made code in MATLAB (The MathWorks, Natick,
MAA). Cell positions were characterized by a vector r(t), with t denoting
time and r position in space (bold letter refers to a vector). Every recorded
cell position during the time-lapse experiment was defined as ri ¼ r(ti),
where ti ¼ iDt are the times of recording and Dt denotes the duration of
time-lapses. The vector difference between two positions is then defined
as Drij ¼ ri-rj and its length jjrijj and angle with the x axis of the frame
of reference of the laboratory cos(qij) ¼ Drij$i / jjDrijjj, can be computed.
To describe cell trajectories, a displacement vector (d) and an angular
distribution {qij} were used. The displacement vector is calculated as the
vector difference between the initial (t ¼ t0) and final point (t ¼ tf), d ¼
r(t¼ tf) – r(t¼ t0). And the angular distribution was obtained from cos(qij),
being iDt - jDt ¼ 60 min (see Fig. S3). This duration was longer than the
5 min time-lapse acquisition, but it captured displacements within the res-
olution of our experiment. >30 cells from at least 3 independent experi-
ments were evaluated for each configuration.
When modeling cell trajectories, we focus our study on persistent move-
ment (27), i.e., migrating without stopping. We define a cell pause when its
centroid is still for 30 min within our spatial resolution; a new persistent tra-
jectory then starts. Our measurement of steps in lattice units evaluates
persistent trajectories and conditional probabilities with this rule.RESULTS
Directing cell migration with a ratchet-like
topography
We developed a topographical ratchet-like surface that was
combined with a fibronectin coating of spatially controlled
density (Fig. 1 and Fig. S1). We first tracked cells moving
on a ratchet-like surface covered with a homogeneous layer
of fibronectin (see Fig. 1 c, left and Movie S1). These trajec-
tories were compared with those of cells moving on a
flat surface covered with the same density of fibronectin
FIGURE 1 The motility assay. (a) Schematics of the experimental setup.
Cells moved on topographical ratchets coated with fibronectin. The lattice
unit of triangular shape measured 22 mm in width, 100 mm in length, and
1 mm in height. (b) Experimental conditions: topographical ratchet with ho-
mogeneous fibronectin coating; fibronectin gradient in the direction of the
ratchet (indicated by an arrow); and fibronectin gradient against the direc-
tion of the ratchet. (c) Cells moving on topographical ratchets combined
with homogeneous fibronectin coating, gradient up and gradient down,
respectively. In white, cell trajectory, the red signal shows fibronectin,
and , and * the start and end of the trajectories, respectively. Scale bar
100 mm. (d) Specific time sequence of a cell moving over topographical
motifs. In this case, the cell migrates directionally along the bottom trian-
gles. White arrows highlight cell protrusions. Scale bar 20 mm. To see this
figure in color, go online.
Cells as Active Particles in Asymmetric Potentials 1515(Fig. 2 b, configuration (i) and (ii)). Cells moved freely on
the flat surface, leading to isotropically distributed tracks
(Fig. 2 b configuration (i)). In contrast, ratchet-like patterns
oriented the direction of cell migration along the y axis
(Fig. 2 b configuration (ii)). We confirmed the isotropicbehavior of cells on flat surfaces in the angular distribution
plot of cell directions every 60 min (see Fig. 2 c con-
figuration (i) red curve), where no peak was observed (see
Fig. S4 a). Similarly, we observed an angular distribution
asymmetry for cells moving on the topographical pattern
(see Fig. 2 c configuration (ii)) with a primary peak (q1 ¼
86 5 20 (o)) and a secondary peak (q2 ¼ 264 5 29 (o)),
along the ratchet directions (Fig. S4 b). We next plotted
the mean displacement vector, i.e., the averaged sum of vec-
tors between the start and end points of each trajectory (see
Fig. 2 c configuration (i) and (ii) green arrow and Fig. S5).
The vectors indicated that net motion was isotropic and
random on flat surfaces, whereas it was rectified toward
the positive y axis on the ratchet pattern. Previous
gradient-free strategies relied on cell confinement, either
chemical (12–15) or physical (16–18). However, here we
show that cells on an asymmetric topographical pattern,
with no restriction in adhesiveness or physical confinement,
moved in the direction imposed by the features of the ratchet
itself.Cell nucleus sets the direction
To further explore this symmetry breaking in cell migration,
we analyzed cell behavior at a higher magnification (Movie
S2 and Movie S3). When the cell nucleus interacted with the
side walls of the triangular structures, the nucleus trajectory
was rectified, which led to a change in the whole cell trajec-
tory. A typical example is shown in Fig. 3 a: when the cell
was moving from a top triangle (dark) to a bottom triangle
(bright), the nucleus experienced two rectifications of tra-
jectory (Fig. 3 a, left and Movie S2). On the other hand, a
cell first performing a lateral movement was then directed
toward the vertex of the triangle (Fig. 3 a, right and Movie
S3). The correlation of the nucleus trajectory and the topog-
raphy walls points to the occurrence of a contact interaction,
which would explain the asymmetry observed in cell migra-
tion. This evidence is supported by inhomogeneity of the
density and shape of nuclei outlines in Fig. 3 a. This finding
indicates a mechanical interaction between the topograph-
ical walls and the cell nucleus.
We next obtained quantitative insight into this nucleus—
wall mechanical interaction. We measured the fraction of
time that the nucleus of migrating cells spent at the top
and bottom of the structures, as well as the percentage of
nuclei placed at the top and bottom of the motifs on fixed
samples. In the former case, the nucleus was located
63 5 7% of the time on the bottom triangles (Fig. 3 b).
This tendency was maintained in fixed samples (69 5
3%) (Fig. 3 c). Moreover, a noneven distribution of cell
nucleus position was observed in the ratchet framework.
We superimposed the nucleus position of >400 cells on a
single ratchet unit and generated the corresponding color
map (Fig. 3 d). Most of the nuclei were distributed in the
widest region of a bottom triangle. This finding suggestsBiophysical Journal 107(7) 1513–1522
FIGURE 2 The cell trajectories. (a) Experimental configurations: (i) flat surface coated with a homogeneous layer of fibronectin, (ii) topographical ratchet
coated with a homogenous layer of fibronectin, (iii) flat surface coated with a fibronectin gradient, (iv) topographical ratchet coated with a fibronectin gradient
up, and (v) with a fibronectin gradient down. (b) Merge of cell trajectories for each configuration during the same total duration (48 h). All tracks start at the
origin of the graph. Ni ¼ 6, ni ¼ 70, Nii ¼ 4, nii ¼ 30, Niii ¼ 3, niii ¼ 40, Niv ¼ 3, niv ¼ 33, Nv ¼ 3, nv ¼ 62 (N number of biological repeats and n number of
cells analyzed). (c) Angular distribution and displacement vectors. Red curve represents the histogram of the migration angle (every 60 min, ni¼ 2253 steps,
nii¼ 953 steps, niii¼ 1275 steps, niv¼ 990 steps, nv¼ 2060 steps) and the green vector the mean displacement vector (the sum of the vectors between the start
and end points of each cell, averaged by the number of cells Ni¼ 6, ni¼ 70, Nii¼ 4, nii¼ 30, Niii¼ 3, niii¼ 40, Niv¼ 3, niv¼ 33, Nv¼ 3, nv¼ 62). The green
scale corresponds to the length of the vector in mm. To see this figure in color, go online.
1516 Comelles et al.that the topographical ratchet pattern traps the nucleus in an
analogous manner as an energy potential well would trap a
particle.
To further study the nature of this interaction, we
analyzed whether the nucleus shape and orientation were
altered by the topographical patterns (see Fig. S6 and
Fig. S7). For this purpose, we fit the nucleus edge to an
ellipse and measured the major axis a, the minor axis b,
and the angle a between the ellipse and the laboratory
framework axis (Fig. 3 e). On fixed samples, cell nuclei
located at the top of the triangles were more elongated
than those at the bottom (Fig. S6 e and Fig. S6 f). Moreover,
nuclei showed a random angular distribution on the top tri-
angles (Fig. 3 f). In contrast, a peak distributed around 90
appeared when nuclei were at the bottom. To obtain further
insight into the dynamical interaction between the nucleus
and the topographical landscape, change in nucleus orienta-
tion was studied in time-lapse experiments. The following
results show that the nucleus is interacting with the topo-
graphical ratchet: i), as it can be seen in the examples shown
in Fig. S7, a and b, nucleus orientation changed when mov-
ing from top to bottom; ii), nucleus tended to realign parallel
to the direction set by the topographical walls; iii), nuclei
were randomly oriented when moving on top of triangles,
and they oriented around 90 when moving in bottom trian-
gles (Fig. S7 c), as observed in fixed samples (Fig. 3 f); iv),
whenever nuclei interacted with the topographical walls,
they reoriented accordingly to the directions set by the walls
(Fig. S7 d). These observations suggest that the orientationBiophysical Journal 107(7) 1513–1522and the mechanical deformation of the nucleus depend on its
interaction and its position on the ratchet framework (see
also (28) for a related discussion based on a different setup).
This feature is essential in the model proposed below.
To analyze the role of the cytoskeleton in cell behavior on
topographical ratchets, we transfected 3T3 fibroblasts with
myosin-GFP and zyxin-RFP (see Movie S4). No striking
correlation was observed between protrusions and the topo-
graphical pattern. Cells spread on both top and bottom trian-
gles, and there was no preferential orientation observed in
cell shape (see Fig. S8 a). Moreover, peripheral focal con-
tacts could be observed on top triangles, bottom triangles
and, eventually at the topographical walls (Fig. S8 b). In
contrast, we observed the appearance of focal contacts
correlating with the topographical walls close to the nucleus
(see Movie S5 and Fig. S8 c). When the nucleus contacted a
wall, focal contacts nucleated at the location of the neigh-
boring wall. These focal contacts then elongated and the
nucleus passed over the structure. When the nucleus had
passed the structure, the zyxin signal decreased and eventu-
ally disappeared. These observations support the idea of a
mechanical interaction between the topographical pattern
and the nucleus.Tuning ratchet efficiency by using adhesive
gradients
We addressed whether, in addition to the role of the nucleus
setting cell direction based on the ratchet topography, we
FIGURE 3 The role of the nucleus. (a) Image of a cell migrating in topo-
graphical ratchets coated with a homogenous layer of fibronectin. White
circles outline the positions of the nuclei at various time points (every
15 min). White arrows show changes in directions after nucleus-wall con-
tacts. Scale bar 20 mm, t: time spent to perform this particular movement.
(b) Fraction of time that nuclei spent on top triangles and on bottom trian-
gles during the motion. (total time > 8 h, N ¼ 4 experiments, n ¼ 11 cells,
mean values5 standard errors). (c) Fraction of cells in which the nucleus
was positioned on top triangles and on bottom triangles on fixed samples
(N ¼ 3 experiments, n ¼ 654 cells, mean values 5 standard errors). (d)
Color map of the mean nucleus position on a lattice unit. Bottom triangles
pointing up and top triangles pointing down (N ¼ 3 experiments, n > 400
cells). (e) Scheme for the ellipse fit of nuclei. Major (a) and minor (b) axes
of the ellipse were obtained using ImageJ, and the relative angle between
the ellipse and the ratchet framework was measured. (f) Plot of the nuclei
orientation, histogram of the angles a for nuclei at the top (gray) and at
the bottom (orange) of the structures (N ¼ 3 experiments, n ¼ 654 cells).
To see this figure in color, go online.
Cells as Active Particles in Asymmetric Potentials 1517could externally induce cell polarization and asymmetry in
lamellipodia activity, thus tuning ratchet efficiency. Fig. 2 b
configuration (iii) shows the cell trajectories moving on a
fibronectin gradient on a flat surface (gradient slope 0,1
(ng$cm2)$mm1). Compared to configuration (i), cell tra-
jectories were not restricted to the x or y axis, but were
biased toward regions of high fibronectin density. The
gradient directed cell motion from weakly adhering regionsto strongly adhering ones (19,29). This result was further
confirmed by both the angular distribution and the mean
displacement vector (Fig. 2 c, configuration (iii) and
Fig. S4 c and Fig. S5).
We next combined the fibronectin gradient with the topo-
graphical ratchet (change of fibronectin density within 1 tri-
angle is 10 ng$cm2). We first tested the situation where the
gradient and the ratchet rectified cell motion to the same
direction (Fig. 1 c, middle and Movie S6). Similar to the
ratchet case, cell trajectories were distributed along the
y axis and biased toward positive y values (Fig. 2 b config-
uration (iv)). However, compared to the ratchet alone, the
angular distribution in this configuration was more biased
to the 90 direction (primary peak q1¼ 925 18 (o) and sec-
ondary peak q2 ¼ 2625 22 (o)) (see Fig. 2 c configuration
(iv) and Fig. S4 d and Fig. S5), suggesting an increase in the
rectification efficiency. This result was further confirmed by
the mean displacement vector (Fig. 2 c configuration (iv)).
We finally set the gradient and the ratchet in opposite
directions (Fig. 1 c, right and Movie S7). In this case, the
tracks were again aligned with the y axis. The angular distri-
bution showed two main directions with similar probability:
primary peak q1 ¼ 92 5 18 (o) and secondary peak q2 ¼
269 5 19 (o) (Fig. 2 c configuration (v) and Fig. S4 e and
Fig. S5). This finding indicates that there was still a prefer-
ential cell movement along the y axis, but there was no net
bias in cell motion rectification. Configuration (v) showed a
mean displacement vector similar to that of (i) (Fig. 2 c).
The ratchet efficiency was reduced and cell motion was
no longer rectified. Thus, the ratchet and gradient competed.Modeling cell trajectories
To analyze the degree of bias efficiency, we discretized cell
motion in lattice units (l.u.) (1 triangle ¼ 1 l.u.). We then
quantified the number of steps that cells took in each direc-
tion and classified them into three types: 1), positive (þ),
when a cell moved from one row of triangles to the next
in the ratchet direction; 2), minus (), when the motion
was in the opposite direction; and 3), lateral (0), when cells
persistently moved laterally within one row of triangles,
either right or left by symmetry (Fig. 4 a). We then obtained
the probability of each type of step (Pþ, P, P0), which
allowed comparison between configurations (Fig. 4 a – solid
arrows – and b). The bias (Fig. 4 c) associated with the
ratchet (configuration (ii)) was Pþ/P ¼ 1.42 5 0.07.
Bias increased to 1.64 5 0.15 when the ratchet and the
gradient were cooperating (configuration (iv)). Finally, the
competition (configuration (v)) between the ratchet and
the gradient led to a bias ofPþ/P ¼ 1.045 0.26, in agree-
ment with the tendency observed for the displacement
vectors. Therefore our results show that the bias in cell
migration produced by the ratchet could be increased/
decreased by superimposing an adhesive gradient in the
same or opposite directions.Biophysical Journal 107(7) 1513–1522
FIGURE 4 Comparisons between the experiments and the model. (a) Classification of the cell movements used to quantify the ratchet bias. Mean prob-
abilities to move toward a given direction in configurations (ii), (iv), and (v) respectively. (Solid half arrows and percentages correspond to experimental
values, patterned half arrows correspond to the values predicted by the model). (b) Comparison of the experimental and theoretical values of the moving
probabilities (Pi) for each configuration (Mean values 5 standards error, Nii ¼ 4 experiments, nii ¼ 214 movements, Niv ¼ 3 experiments, niv ¼ 147
movements, Nv ¼ 3 experiments, nv ¼ 367 movements). (c) Comparison of the experimental and theoretical biases Pþ/P- for the configurations (ii),
(iv), and (v). (d) Probabilities of the eight possible transitions in each of the three experimental configurations (mean values 5 standards error, First
step þ Nii ¼ 4 experiments, nii ¼ 59 transitions, Niv ¼ 3 experiments, niv ¼ 37 transitions, Nv ¼ 3 experiments, nv ¼ 63 transitions, First step 0
Nii ¼ 4 experiments, nii ¼ 38 transitions, Niv ¼ 3 experiments, niv ¼ 23 transitions, Nv ¼ 3 experiments, nv ¼ 66 transitions, First step - Nii ¼ 4 exper-
iments, nii ¼ 39 transitions, Niv ¼ 3 experiments, niv ¼ 29 transitions, Nv ¼ 3 experiments, nv ¼ 66 transitions). (*) statistically significant differences p <
0.05. To see this figure in color, go online.
1518 Comelles et al.To further analyze cell trajectories and assess the impor-
tance of potential memory effects, we experimentally mea-
sured the conditional probability of performing a þ, , or 0
step, which depends on the previous move performed in
the absence of pauses, i.e., during a persistent trajectory
(Fig. 4 d and Fig. S9; see Methods). More precisely, these
transition probabilities pji, where i,j ¼ þ, , 0, are defined
as the probability that a cell performs a step in the direction
j, knowing that the previous step was performed in direction
i. Normalization then imposes pþi þ pi þ p0i ¼ 1. The pji
encodes two effects responsible for the direction of migra-
tion: the local asymmetry of both the topographic landscape
and adhesion profile, and the direction of the previous move,
which here encodes the polarization state of the cell. We
have pþþ s pþ (see Fig. 4 d): this clearly shows that
the memory of the previous move influences the directionBiophysical Journal 107(7) 1513–1522of the next one. This first move is likely to polarize cells
(Fig. 1 d) and to affect the internal organization of organ-
elles. We hereafter assume that the dependence on the pre-
vious only (1 step memory) is sufficient to describe cell
trajectories, and that the dependence on earlier moves can
be neglected. The direct analysis of such longer range mem-
ory would require longer persistent trajectories with no
pauses and is not statistically significant with our data
sets (4 5 1 steps per persistent movement—including 0
steps—on average). Under this minimal hypothesis, cell
motion can be modeled as a persistent random walk, an
approach that has proved useful in the context of cell trajec-
tory analysis (30,31).
This model allowed us to relate the observed large-
scale properties in the trajectories to elementary transition
probabilities pji introduced previously. We derive in the
FIGURE 5 Cells as active particles in asymmetric potentials. (a) Sche-
matics of a cell in an asymmetric topographical landscape. Cell nucleus
experiences a normal compressive force Fz, imposing a mechanical defor-
mation to pass the successive obstacles. (b) Energetic potential UE(x,y).
(c) Probability distribution Pn(x) of the nucleus position at steady state.
(d) Mean nuclei position, obtained experimentally from Fig. 3 d. (e) Depen-
dence of pij on the fibronectin gradient. The brown curve represents the
evolution of the ratio pþþ/(1  pþþ) for different fibronectin gradient
slopes. The yellow, green, and blue boxes are the measured values for
this ratio in the three experimental configurations (v, ii, and iv), respec-
tively. To see this figure in color, go online.
Cells as Active Particles in Asymmetric Potentials 1519Supporting Material the expressions of the main character-
istics of the trajectories as a function of pji only: the
stationary probabilities Pþ, P, P0, which provide the
probabilities that a step is performed in direction þ, , 0
in a steady state, regardless of the nature of the previous
step; and the persistence lengths, which give the mean num-
ber of consecutive steps performed in a given direction.
With the experimentally measured values of pji, we
computed the theoretical values of Pþ, P, P0, and the
persistence lengths. As seen in Fig. 4 a (patterned arrows)
and Fig. 4 b, the predicted values of Pþ, P, P0, and the
biases (Fig. 4 c) are in good agreement with the experi-
mental observations, as well as persistence lengths (see
Fig. S10). The observed discrepancy in configuration (v)
results from steps 0 where cells can be in any polarity state
or even unpolarized, which is not taken into account explic-
itly in the model; this is especially relevant in this configu-
ration where two external cues are competing. This finding
indicates that cell trajectories are well described by persis-
tent random walks, which constitute a minimal model that
takes into account both the cell polarization state (through
the memory of the previous step) and external cues that
can bias the motion.
Finally, we aimed to link the pji to the properties of the
local environment of the cell, i.e., both topography and
adhesion properties. We followed the picture of a particle
in a tilted washboard potential, as introduced in Constantini
et al. (32). Therefore, the central hypothesis was, as sug-
gested previously, that cell movement is impaired mainly
by the nucleus, which must mechanically deform to pass
the successive obstacles formed by the topographic land-
scape (28), as observed in Fig. 3. Here, we assume that
the nucleus is confined to the substrate by a normal force
(for example the vertical component of the pulling force
mediated by stress fibers (33)) (see Fig. 5 a). Actually, by
imaging cell migration on the side on flat surfaces, we could
observe that i), nucleus was occupying a large fraction of
cell volume; ii), its height was varying with time and was
correlated to the cell spreading; and iii), the nucleus was
very close to the surface, suggesting a potential sensitivity
to any change in surface profile (see Fig. S6 a and Movie
S8). Moreover, when observing NIH 3T3 fibroblast trans-
fected with myosin-GFP on flat surfaces, it can be seen
that the appearance of prominent stress fibers correlate
with an increase of nucleus projected area, suggesting that
it is indeed flattening (see Fig. S6 b). These observations
point to the presence of a normal force confining the nucleus
to the surface related to stress fibers, which eventually corre-
late with the walls of the topographical pattern (Movie S5
and Fig. S8 c).
This implies that the cell nucleus effectively moves in an
energetic potential UE(x,y) (Fig. 5 b), corresponding to the
stored mechanical energy, which we propose is of elastic
origin in a first approximation (34). Following the previous
observation that the nucleus deformation depends on theposition in the ratchet, we assume that the energetic poten-
tial UE(x,y), which we do not aim to determine explicitly
here, is directly correlated to the height profile h(x,y) of
the landscape (see Fig. S1). The resulting probability distri-
bution Pn(x) of the nucleus position in a steady state can
readily be deduced and peaks at the minima of h (seeBiophysical Journal 107(7) 1513–1522
1520 Comelles et al.Fig. 5 c). This description is supported by the experimental
observation that the stationary distribution of nuclei posi-
tions peaked at the location of local minima of h(x,y)
(Fig. 3 d and Fig. 5 d). The period of the ratchet in the y
direction is denoted by L ¼ a þ b. The profile UE(x,y) is
assumed to successively decrease with a slope DU/a ¼ F
over a distance a, and then increase with slope DU/b ¼
Fþ over a distance b, with (a < b) (see Fig. 5 c). This shows
that at least a force Fþ (resp. F) must be exerted along
the þy (resp. y) direction to induce a step in the þy
(resp. y) direction; the condition Fþ < F then clearly in-
dicates that the direction þ is favored.
To estimate the propulsion force experienced by a cell, we
consider a minimal model of cell locomotion and assume
that the cell propulsion force is mediated by individual pro-
trusions. Following ideas developed in (27), we introduce
the mean number (per unit time) of protrusions stabilized
in direction i, zij, where i ¼ þ,. Following the finding
that the direction of motion depends on the direction of
the previous move, zij depend on the direction of the
previous move. Note that here we focus on the ratchet
direction þ/, but similar definitions would hold for the
direction 0. We define the probability p(nþ) that nþ protru-
sions are stabilized in the þ direction (and similarly in the –
direction). We assume that it follows a Poisson distribution
of mean zþ t0, where t0 is the mean duration time of an
elementary step and the dependence on the previous move
is omitted for clarity. We then introduce the asymmetry of
stabilized protrusions D ¼ nþ - n. This quantity is shown
in the Supporting Material to be distributed according to
PðDÞ ¼ eðzþþzÞt0

zþ
z
D=2
IDð2t0 ﬃﬃﬃﬃﬃﬃﬃﬃﬃzþzp Þ; (1)
where ID(x) is the first kind, to our knowledge, of modified
Bessel function of D-th rank. Assuming that each efficient
protrusion transmits a unit force (in the properly normalized
unit of force), Eq. 1 gives the probability that a total force D
is transmitted by protrusions.
Finally, the condition DR Fþ that motion occurs in theþ
direction enables an explicit calculation of pþi that reads:
pþi ¼ eðzþiþziÞt0
X
DRFþ

zþi
zi
D=2
IDð2t0 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃzþizip Þ: (2)
A similar expression holds for p-i.
These expressions combine in a simple form the effects of
the topographic ratchet (through the dependence on Fþ),
adhesion properties (encoded in zji), and the polarization
state of the cell (encoded in the dependence on the previous
move) on cell motion. They allow a semiquantitative discus-
sion of the experiments in configurations (ii), (iv), and (v).
In particular, the bias can be quantified here by the ratio
pþi/pi, and was found, as expected, to increase with the
ratchet asymmetry b/a and the efficiency of protrusion activ-Biophysical Journal 107(7) 1513–1522ity zji. Assuming that the mean number of effective pro-
trusions is proportional to the local concentration of
fibronectin, one can write zþi¼ zi þ aVc. The dependence
of pij on the fibronectin gradient can then be calculated.
Fig. 5 e shows that this dependence is well captured by
the model, which in particular can account for both compe-
tition and cooperation effects.DISCUSSION
We have proven that cell motion can be directed by a topo-
graphical asymmetric pattern with no previous confinement
of cell movement, either physical or biochemical. We iden-
tified the mechanical interaction between the cell nucleus
and the topographical walls as a possible mechanism to
explain the rectification of cell movement. By combining
the topographic ratchet with an adhesive gradient, we tuned
its rectification efficiency, thereby suggesting that asymme-
tries in cell polarization increase or decrease the efficiency
of the ratchet depending on their relative orientations.
Previous studies achieved biased cell motion by asym-
metric patterns, either chemical (12–15) or physical
(13,16–18), that induced cell polarization by means of
confining cells and restricting their motion to one-dimen-
sional. Geometrical asymmetries in the pattern design
amplified natural differences in lamellipodia activity at the
front and the rear of a polarized cell, leading to directed
motion (12–15,17,18). Because we used homogeneous
fibronectin coatings and topographical patterns smaller
than the cell size and of a moderate height (35), we did
not restrict cell migration in any direction. Thus, the bias
that we observed stems from a different origin.
Recent studies have shown that nucleus trapping caused
by spatial constraints of the three-dimensional (3D) environ-
ment is a limiting factor for cell migration (36), as cell
movement is arrested when the nucleus cannot overcome
physical barriers imposed by a 3D collagen network.
Similar behavior has been observed for cells migrating in
channels (37). Our results are in agreement with this phe-
nomenon, confirming that physical interaction between the
nucleus and the environment architecture is a determinant
factor in cell migration, even in nonconfined cells. More-
over, we report a role for cell nucleus in setting direction-
ality, where mechanical interaction between the nucleus
and the physical constraints is a subtle interplay between
nucleus elasticity, topographical landscape, and protrusion
activity (36). Furthermore, we noticed the appearance of
focal contacts colocalizing with the topographical walls
when nucleus contacted the walls of the topographical
pattern. This observation could be related to a noneven dis-
tribution of forces on the nucleus, thus leading to the nucleus
reorientation.
Moreover, we show that the bias in cell migration induced
by the nucleus-topography interaction can be tuned by add-
ing an external adhesive gradient. This finding suggests that
Cells as Active Particles in Asymmetric Potentials 1521both nucleus impairment and traction force, i.e., the adhe-
sion to the fibronectin layer, cooperate or compete in setting
cell migration. In other words, we show that when the trac-
tion force is in the opposite direction of the topographical
ratchet, cells more easily overcome the topographical walls.
Similarly, 3D cell migration experiments revealed that
integrin-mediated traction force is required to propel the
nucleus forward when its movement is impaired by physical
constraints (36).
Finally, we successfully captured the essential features of
the system by modeling cells as particles in asymmetric
potentials. This theoretical model was based on two main
experimental observations: i), cell motion within the ratchet
depends on the direction of the previous movement, which is
a minimal way to encode polarization; and ii), the motion is
restricted by the mechanical interaction between the nucleus
and the topographical landscape. Interestingly, this analysis,
based on a microscopic modeling of motion at the cell
scale, showed that long-term cell trajectories are robustly
described as simple persistent random walks, in agreement
with earlier results (38). This observation contrasts with
findings at smaller scales where Le´vy walk features have
been reported (39). This new approach to cell motility
with disentangled contributions is proposed as a generic
framework for understanding cell motion in vitro and
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